1.. Introduction {#s1}
================

Complex vascular remodelling processes are the substrate and hallmark of vascular diseases like atherosclerosis, post-angioplasty restenosis and pulmonary artery hypertension but are also essential to maintain vascular integrity or to regenerate vascular structures where needed.

Cellular adaption and functional reprogramming under the distinct conditions is tightly controlled by complex signalling cascades.^[@CVV103C1]--[@CVV103C3]^ In this context, the signal transducer and activator of transcription 3 (STAT3) has been extensively described as a central signalling molecule that controls cellular adaption in response to environmental stimuli or stress in endothelial cells, smooth muscle cells, and circulating/inflammatory cells.

In response to a wide range of growth factors and cytokines including interferons, IL-5, IL-6, and IL-10, epidermal growth factor, and the hormone leptin STAT3 is phosphorylated by receptor-associated tyrosine kinases \[e.g. Janus kinase (JAK) 2\], forms heterodimers, and translocates to the nucleus, where it acts as a transcription factor. Additionally, the transcriptional activity of STAT3 is dependent on its delicate balance with other STATs, such as STAT1 or STAT5. Moreover, multiple regulating factors affect the STAT3 signalling response by alteration of the STAT3 phosphorylation status, regulation of STAT3 gene expression, or interference of STAT3/DNA interactions. Beyond this, tyrosine kinase-independent phosphorylation as well as non-transcriptional mechanisms of action have been shown for STAT3 (*Figure [1](#CVV103F1){ref-type="fig"}*).^[@CVV103C4]--[@CVV103C6]^ Despite these numerous co-regulating factors, the IL-6/JAK2/STAT3 axis is certainly the most thoroughly investigated and probably also the most important signalling sequence to modulate cellular functions. This is supported by the promising results of recent clinical trials, which demonstrated that inhibitors of the IL-6/JAK2/STAT3 axis are excellent tools for the treatment of a large number of inflammatory myeloproliferative and malignant diseases (*Table [1](#CVV103TB1){ref-type="table"}*). Since these inhibitors and other STAT3-targeting strategies are about to find their way to clinical application, we believe that it is important to highlight the possible (side-)effects that such therapeutics will have on the integrity of the vascular system. Table 1Targeted therapies in clinical trials affecting STAT3 phosphorylation statusNameMechanismConditionClinical Trial PhaseClinicalTrials.gov IdentifierPreclinical effects on vascular functionDirect inhibition STA-21STAT3 SH2 domain inhibitionPsoriasisPhase 1/2^[@CVV103C7]^NCT01047943Not investigated STAT3 DECOYDisruption of STAT3-DNA interactionHead and neck cancerPhase 0^[@CVV103C8]^NCT00696176Inhibition of tumour angiogenesis^[@CVV103C9]^ STATTICSTAT3 SH2 domain inhibitionPreclinicalInhibition of neointima formation,^[@CVV103C10]^ tumour angiogenesis,^[@CVV103C11]^ and vascular dysfunction^[@CVV103C12]^ S3I-201STAT3 SH2 domain inhibitionPreclinicalInhibition of tumour angiogenesis^[@CVV103C13]^ and vascular dysfunction^[@CVV103C12]^Indirect inhibition by targeting STAT3 upstream signalling RuxolitinibJAK1/2 inhibitionMyelofibrosisFDA approvedNot investigated TocilizumabIL-6 receptor antibodyRheumatoid arthritisFDA approvedInhibition of tumour angiogenesis^[@CVV103C14]^ Tofacitinibpan-JAK inhibitionRheumatoid arthritisFDA approved^a^Inhibition of tumour angiogenesis^[@CVV103C15]^ AZD1480JAK1/2 inhibitionSolid malignancies, primary myelofibrosisPhase 1NCT00910728, NCT01112397, NCT01219543Inhibition of tumour angiogenesis^[@CVV103C16]^ sb1578JAK2 inhibitionRheumatoid arthritisPhase 1NCT01235871Not investigated WP1066JAK2 inhibitionBrain cancerPhase 1NCT01904123Inhibition of neointima formation^[@CVV103C17]^ and tumour angiogenesis,^[@CVV103C18]^ increased atherosclerotic plaque stability,^[@CVV103C19]^[^1] Figure 1Physiological regulation and pharmacological inhibition of the STAT3 signalling pathway. STAT3 is a key player in cell signalling and transcription in response to a wide range of stimuli and in various ways. The most relevant STAT3 signalling pathways in vascular diseases are indicated with continuous lines; less well-investigated STAT3 signalling pathways are indicated with broken lines. GTP, guanosine triphosphate; JAK, janus kinase; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; miRNA, microRNA; NFκB, nuclear factor 'kappa-light-chain-enhancer' of activated B-cells; P, phosphate residue; PIAS3, protein inhibitor of activated STAT; PLC-γ2, phospholipase C, γ2 isoform; PTP, protein tyrosine phosphatase; SOCS3, suppressor of cytokine signalling; Syk, spleen tyrosine kinase; TF, transcription factor.

It is surprising, that the growing amount of knowledge on STAT3's function in vascular diseases has not been reviewed so far. Therefore, we provide an overview on the recent knowledge gained on the impact and function of STAT3 during the most common pathologic vascular remodelling processes and diseases. We also summarize the current promising therapeutic clinical strategies that interfere with STAT3 signalling in the setting of non-cardiac, malignant diseases and discuss the potential effects of these treatment modalities on vascular function and pathological vascular remodelling.

2.. Angiogenesis, endothelial function, and regeneration {#s2}
========================================================

Angiogenesis and endothelial regeneration are in the focus of both cardiovascular and cancer research. Specifically, these processes are interesting with respect to tumour angiogenesis, endothelial dysfunction, and vasa vasorum neovascularization in atherosclerosis and to re-endothelialization in restenosis and PAH. The principal functional remodelling events, namely EC proliferation, migration, and survival, as well as the selective degradation of the basement membrane and the extracellular matrix, require STAT3 activation.^[@CVV103C20]--[@CVV103C22]^ STAT3 has been described to affect the expression of a broad range of angiogenic and angiostatic mediators including basic fibroblast growth factor, matrix metalloproteinase (MMP-)2 and MMP-9, and the probably best identified and most important inducer of angiogenesis, vascular endothelial growth factor (VEGF).^[@CVV103C21],[@CVV103C23],[@CVV103C24]^ In addition to the binding site for STAT3, the VEGF gene promoter contains binding sites for several potential transcription factors.^[@CVV103C25]^ Even the binding of several of these transcription factors depends on STAT3 coaction. STAT3 is therefore suggested to be a proangiogenic key regulator of the VEGF gene, either alone or in a complex with coactivators.^[@CVV103C26]--[@CVV103C29]^

The role of STAT3 in tumour angiogenesis appears to be very diverse due to the vast array of different tumour cell types. Overall, the activation of STAT3 always exhibits a proangiogenic phenotype in tumour angiogenesis. The putative antiangiogenic effects of STAT3 inhibitors might be responsible, at least in part, for their clinical success in oncology.

Meanwhile, the role of angiogenesis in cardiology is ambiguous. Assuming STAT3 acts in a generally proangiogenic manner, the inhibition of STAT3 most likely worsens endothelial dysfunction and re-endothelialization while on the other hand reducing vasa vasorum neovascularization and, thereby, plaque progression.^[@CVV103C30]^ Surprisingly, we found that the re-endothelialization process was not impaired following femoral artery dilation in the presence of a STAT3 inhibitor.^[@CVV103C17]^ The underlying mechanism may involve miRNA-92a, which is a member of the STAT3-controlled miRNA cluster 17/92.^[@CVV103C31]^ miRNA-92a is found to be up-regulated in murine atherosclerotic and neointimal lesions and controls endothelial proliferation, migration, and the expression of a range of chemokines and adhesion molecules under pathological conditions. The inhibition of miRNA-92a accelerates the re-endothelialization process, decreases the neointimal lesion size as well as the atherosclerotic plaque burden, and promotes a more stable lesion phenotype.^[@CVV103C32],[@CVV103C33]^

Withal, angiogenesis after myocardial infarction was also found to be mediated by STAT3 activity.^[@CVV103C34]^ While mice completely deficient in STAT3 are not viable, cardiomyocyte-specific deletion of STAT3 was shown to be associated with a reduction in myocardial capillary density.^[@CVV103C35],[@CVV103C36]^ Interestingly, this knockout did not alter VEGF expression levels in cardiomyocytes but caused increased expression levels of antiangiogenic genes, i.e. connective tissue growth factor, thrombospondin-1, and tissue inhibitor of metalloproteinase-1.^[@CVV103C35]^ Furthermore, the cardiomyocyte STAT3 is necessary to stimulate the production and release of endogenous erythropoietin which, in turn, is needed to maintain the endothelial differentiation potential of cardiac stem cells.^[@CVV103C37],[@CVV103C38]^ Thus, STAT3 emerged as a factor that regulates the cardiac microenvironment by regulating the release of factors that impact endothelial regeneration.

Hence, the STAT3-dependent regulation of endothelial growth, differentiation and function appears to be complex and diverse. Further investigation is needed to clarify the temporal and spatial function of STAT3 in EC in vascular regeneration and remodelling.

3.. Role of STAT3 in vascular diseases {#s3}
======================================

The closely related regulation of proliferation, survival, migration, and differentiation of various cell types becomes unbalanced in a wide range of vascular diseases.^[@CVV103C2],[@CVV103C3]^ STAT3 is a critical regulator of genes controlling these functional conditions. Therefore, it is logical that many publications address the function of STAT3 in vascular diseases (*Figure [2](#CVV103F2){ref-type="fig"}*). Figure 2STAT3 in vascular diseases. STAT3 is shown to be activated in response to mitogenic stimuli in different cell types *in vitro*, in *in vivo* models of numerous vascular diseases, and in patients suffering from cardiovascular diseases. STAT3 activation causes functional changes in most cell types, leading to a more undifferentiated and activated phenotype and thereby contributing to vascular lesion formation.

3.1. Atherosclerosis {#s3a}
--------------------

Endothelial dysfunction, the recruitment of VSMCs from the medial---and of VSMC progenitors from the adventitial---to the intimal layer, and inflammation are cornerstones of the development of atherosclerotic lesions.^[@CVV103C2],[@CVV103C39]^ STAT3 plays a key role in these processes: STAT3 phosphorylation markedly increased in atherosclerotic lesions of ApoE knockout mice on a cholesterol-rich diet, which underscores a critical role for activated STAT3 proteins in the pathogenesis of atherosclerosis *in vivo*.^[@CVV103C40]^ This assumption is underlined by following observational clinical studies: in 2000, Ridker *et al.*^[@CVV103C41]^ identified plasma concentration of the STAT3-activating cytokine IL-6 as a risk predictor for myocardial infarction. More recently, an Austrian single-centre study evaluated the frequency and severity of coronary artery disease (CAD) in patients with myeloproliferative disorders. The investigators found the frequency of the JAK2 V617F gain-of-function mutation to be more than twice as high in patients with CAD compared with patients without coronary disease.^[@CVV103C42]^ This mutation in the JAK2 gene is known to be associated with myeloproliferative diseases. However, its occurrence has also been reported in the healthy population.^[@CVV103C43]^ Further studies will have to clarify whether this mutation is also an independent risk factor for CAD in an otherwise healthy population.

Endothelial dysfunction is characterized, *inter alia*, by the retention of biochemically modified---primarily oxidized---cholesterol-containing low-density lipoprotein (LDL) particles. These particles induce the expression of adhesion molecules that capture leucocytes on the cell surface and initiate an inflammatory process.^[@CVV103C44]^ These adhesion molecules, namely intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), E-selectin and potentially others, are up-regulated in response to STAT3 phosphorylation in endothelial cells (EC) and promote the recruitment of inflammatory cells to the vessel wall.^[@CVV103C45],[@CVV103C46]^

VSMC recruitment and function in atherosclerosis include a complex interplay of several functional effects, especially proliferation, migration, and extracellular matrix degradation and synthesis. These effects are largely mediated by cytokines. For example, oncostatin M, a monocyte and T-lymphocyte-specific cytokine present in human carotid artery plaques, contributes to proatherogenic VSMC function in a STAT3-dependent manner.^[@CVV103C19],[@CVV103C47]^ As in other cell types, such as macrophages, STAT3 regulates the transcription of a considerable number of cytokines also within VSMCs, making VSMCs important promoters of inflammation.^[@CVV103C48],[@CVV103C49]^ The cross-talk between monocytes and VSMCs enhances IL-6 expression and STAT3 activation, leading to the up-regulation of several cytokines in monocytes. This effect in turn results in enhanced reactive oxygen species production in VSMCs; both of these effects contribute substantially to atherosclerotic lesion formation.^[@CVV103C50],[@CVV103C51]^

Additional data suggest that STAT3 controls the inflammatory cascade more extensively. Specifically, a network analysis of inflammatory genes differentially expressed in CAD revealed a list of 184 transcription factors potentially involved in orchestrating the inflammatory response in atherosclerosis. STAT3 was identified as one of the three transcription factors controlling the regulation of the inflammatory key genes identified in this analysis.^[@CVV103C52]^ Macrophages internalizing oxidized LDL yield large foam cells, which in turn further fuel the inflammatory process. IL-6 induced activation of the JAK2/STAT3 pathway in adventitial fibroblasts and macrophages promotes atherosclerotic lesion formation in Ang II-infused LDLR^−/−^ mice.^[@CVV103C53]^ Moreover, STAT3 signalling has been shown to be involved in IL-13-dependent foam cell formation in addition to STAT1 and STAT6 signalling.^[@CVV103C54]^

Both STAT3 and its regulators show altered expression profiles in atherosclerotic lesions. Suppressor of cytokine signalling (SOCS) 1 and 3, inhibitors of STAT3 signalling, were detected to be highly expressed in the shoulder region of human coronary artery plaques and in murine atherosclerotic lesions, most likely as an endogenous reaction to limit the excessive STAT3 activation in these regions. Despite an enhanced expression of these inhibitors, STAT3 activation is enhanced in these plaque regions. SOCS3 inhibition accelerated atherosclerotic lesion size, leucocyte content, and chemokine expression, while overexpression of SOCS3 prevented STAT3 phosphorylation, VSMC proliferation and inflammatory gene expression.^[@CVV103C55]^

However, some studies raise questions on the detrimental role of STAT3 in the pathogenesis of atherosclerosis: adenoviral overexpression of human STAT3 in LDLR^−/−^ mice on a high-fat diet has been shown to impair atherosclerotic plaque burden and to reduce aortic inflammatory cell infiltration.^[@CVV103C56]^ Additionally, lipid loading in human macrophages was found to increase IL-6 secretion and thereby STAT3 phosphorylation. This effect in turn promoted cholesterol efflux and attenuated the macrophage pro-inflammatory phenotype.^[@CVV103C57]^ This finding is underscored by the fact that phosphorylation of STAT3 is associated with markers of stability in human carotid atherosclerotic plaques.^[@CVV103C58]^ Notably, none of these studies investigated the effects of specific STAT3 inhibition on atherosclerotic lesion development.

Lastly, the two alternatively spliced isoforms of STAT3, STAT3α, and the truncated isoform STAT3β, have contrasting effects on the development of atherosclerosis. STAT3β lacks the carboxy-terminal transactivation domain but retains dimerization and DNA-binding functions, behaving in a dominant-negative fashion. STAT3α is assumed to exert most pro-oncogenic functions, while STAT3β is found to promote the expression of certain anti-inflammatory genes.^[@CVV103C59]^ Mice deficient in both STAT3β and apolipoprotein E exhibited enhanced atherosclerotic plaque formation, most likely due to the unopposed action of STAT3α.^[@CVV103C60]^

Thus, the detailed mechanistic role of STAT3 isotypes in the pathogenesis of atherosclerosis is complex and conceivably isotype-dependent. But given that STAT3 signalling in general influences ECs, VSMCs, and leucocyte function in a rather proatherogenic manner and that interfering with the STAT3 pathway *in vivo* prevents atherosclerotic lesion formation, strategies which inhibit STAT3 signalling seem to have rather protective than adverse effects on the progression of atherosclerosis.

3.2. Neointima formation {#s3b}
------------------------

Restenosis paradoxically occurs after procedures performed to treat stenotic atherosclerotic lesions, e.g. coronary angioplasty and stent implantation. We and others observed a significant increase in protein expression and phosphorylation of STAT3 in the developing neointimal lesion in a mouse model of wire-induced injury three weeks after dilatation.^[@CVV103C17],[@CVV103C61],[@CVV103C62]^ Closely examining the signalling background of even a portion of the subsequent activated target genes exposes the wide diversity of functional VSMC regulation observed in the appropriate assays. Cyclin D1, for example, plays a decisive role in the regulation of cell-cycle progression, leading to VSMC proliferation and migration and thickening of the neointimal lesion.^[@CVV103C17],[@CVV103C62]^ Survivin, another strongly regulated gene, is known as a central regulator of VSMC viability in neointima formation after injury.^[@CVV103C63]^ Building on this, we showed the expression of survivin to be essentially STAT3-dependent in this context.^[@CVV103C17]^ Even the orchestration of the inflammatory response is found to be under STAT3 control. In this context, we demonstrated that STAT3 inhibition also prevents the up-regulation of the chemokine (C-C motif) ligand 5, also known as RANTES following vascular injury *in vivo*. Cytokines such as monocyte chemoattractant protein-1 and RANTES not only cause leucocyte infiltration but also mitigate VSMC migration.^[@CVV103C64],[@CVV103C65]^

A further very important functional change after vascular injury includes the phenotypic modulation of VSMCs. This change from a contractile to a rather less differentiated, synthetic phenotype is a prerequisite for cell proliferation and migration.^[@CVV103C66]^ Although the exact role of STAT3 in this condition is not well investigated, a recent study using the STAT3 inhibitor apigenin found increased differentiation-marker gene expression after treatment with apigenin *in vitro*, suggesting that STAT3 is also involved in the differentiation process of VSMC.^[@CVV103C67]^ Howbeit, VSMC marker gene expression crucially depends on the balance between STAT1 and STAT3 and might even be impaired by STAT3 activation under some circumstances.^[@CVV103C68]^

All of these findings indicate that the inhibition of STAT3 signalling by means of specific inhibitors attenuates the proliferative and migratory response of VSMC following vascular injury and thus can prevent restenosis *in vivo*.^[@CVV103C10],[@CVV103C17],[@CVV103C67]^ Importantly, the re-endothelialization process, and thus vascular regeneration and healing, were not impaired after local STAT3 inhibition in our hands. Thus, specific pharmacological STAT3 inhibitors hold promise to serve as novel therapeutic tools for the prevention of vascular re-occlusion following angioplasty.

3.3. Pulmonary arterial hypertension {#s3c}
------------------------------------

The pathogenesis of PAH is characterized by increased proliferation and suppressed apoptosis of both pulmonary EC and VSMC, which leads to vascular thickening and stiffening and turns a 'high-flow-low-resistance' system into a 'low-flow-high-resistance' system.^[@CVV103C69]^ STAT3 controls the underlying functional changes of the involved cell types even in this vascular disease.

A very early but crucial clinical finding in PAH research was the reduced expression of the endothelial nitric oxide synthase (eNOS) in the lungs of patients with pulmonary hypertension.^[@CVV103C70]^ More than a decade later, STAT3 was found to play a key role in the regulation of eNOS expression: binding of p-STAT3 to the eNOS promoter impairs its activity, thereby decreasing eNOS protein levels and NO production.^[@CVV103C71]^

Only 2 years earlier, a role for STAT3 in PAH was first suggested by Masri *et al.*, who found increased p-STAT3 levels in the pulmonary arteries from patients with idiopathic PAH compared with those from healthy subjects. Cultured pulmonary artery ECs from PAH patients were more susceptible to growth factors than the ECs from controls and exhibited higher proliferation rates, higher migration rates, and enhanced survival. These effects were markedly reduced in the presence of AG-490, an inhibitor of JAK2/STAT3 signalling.^[@CVV103C72]^ Similar effects were described for PAH VSMCs. The expression of STAT3 and its target genes, nuclear factor of activated T cells (NFAT) and provirus integration site for Moloney murine leukaemia virus (Pim1) were shown to be increased in human and experimental PAH. Their inhibition decreased the proliferative response and promoted apoptosis in PAH VSMCs.^[@CVV103C73]^

Very recently published work has revealed a considerable inflammatory impact of STAT3 in PAH. Human and bovine adventitial fibroblasts from hypertensive pulmonary arteries activate macrophages through IL-6 and STAT3 signalling, a pathway very similar to the above-mentioned cross-talk of monocytes and VSMCs in atherosclerosis. STAT3 haplodeficiency attenuated this macrophage activation, whereas complete STAT3 deficiency increased macrophage activation due to compensatory STAT1 up-regulation.^[@CVV103C74]^

Heritable subtypes of pulmonary arterial hypertension include ones caused by germline mutations in the bone morphogenetic protein receptor 2 (BMPR2) gene, which encodes a transforming growth factor-β (TGF-β) receptor.^[@CVV103C75]^ Altered surface expressions of BMPR2 have also been observed in non-genetic forms of pulmonary hypertension and several animal models mimicking the disease, underscoring the important role of BMPR2 in disease development.^[@CVV103C76]--[@CVV103C78]^ Further studies have shed more light on the molecular mechanisms regulating BMPR2 expression. BMPR2 expression was found to be directly regulated by the miRNA cluster 17/92, the expression of which is controlled by STAT3 signalling.^[@CVV103C31]^ Specifically, the presence of this STAT3/BMPR2 axis could be confirmed to be active in pulmonary artery VSMCs.^[@CVV103C79]^ Another miRNA regulated by STAT3 in PAH is miRNA-204, which is suppressed following STAT3 expression, leading to uninhibited NFAT expression. This effect then contributes to the proliferative and antiapoptotic phenotype of PAH VSMC.^[@CVV103C80]^ In summary, it appears reasonable to speculate that the modulation of STAT3 signalling might emerge also as a promising approach to prevent or reverse pulmonary vascular narrowing.

4.. Current therapeutic strategies targeting STAT3 signalling {#s4}
=============================================================

Targeting the STAT3 pathway is an upcoming therapeutic approach to the treatment of a rising number of inflammatory or proliferative diseases, e.g. myelofibrosis, myeloproliferative disorders, rheumatoid arthritis, and colitis ulcerosa, which also has a modulating effect on vascular cell function (*Table [1](#CVV103TB1){ref-type="table"}*).^[@CVV103C81]--[@CVV103C85]^ Interfering the STAT3 signalling network came to the focus of clinical attention when genetic variations for JAK2 were identified in various proliferative diseases. Likely the most profound finding is a change of valine to phenylalanine at amino acid 617 (V617F) within the JH2 'kinaselike' domain of JAK2. This substitution is catalytically active and can phosphorylate and activate the kinase domain, leading to an over-activation of JAK2 with consecutive STAT3 and STAT5 heterodimer formation in myeloproliferative diseases.^[@CVV103C86],[@CVV103C87]^ This mutation appears to render haematopoietic cells more sensitive to growth factors and increases the risk of thrombo-embolic events due to high platelet counts in patients with myeloproliferative syndromes.

Two years after identifying the V617F mutation, the first specific JAK2 inhibitors were designed.^[@CVV103C88],[@CVV103C89]^ Only another 2 years later, one of these inhibitors, ruxolitinib, was approved by the US Food and Drug Administration (FDA) for the treatment of myelofibrosis based on results of the COMFORT trials.^[@CVV103C90]^ Today, two more drugs exerting inhibitory effects on STAT3 signalling have been approved by the FDA for the treatment of rheumatoid arthritis: tofacitinib, a pan-JAK inhibitor, and tocilizumab, a monoclonal antibody targeting the IL-6 receptor.

The above-discussed positive effects of STAT3 inhibition on vascular remodelling processes are all the more exciting, given that patients with myelofibrosis or rheumatoid arthritis are at increased risk of cardiovascular disease by virtue of their autoimmune disease and related vascular changes. Therefore, ruxolitinib, tofacitinib, and tocilizumab could prevent the life-threatening complications (i.e. myocardial infarction) that are associated with these diseases, not only by treating the underlying condition but also by direct protection of vascular function. In contrast, the initially less well-understood effects of STAT3 inhibition on endothelial cell function raised concerns regarding a possible aggravation of endothelial and vascular dysfunction which might rather increase the numbers of major adverse cardiac events. Given this discrepancy and the raised concerns, the evaluation of cardiovascular events was included in the design of further studies investigating the effects of the FDA-approved STAT3 inhibitors.

So far, the effect on vascular function and disease has only been evaluated for tocilizumab. First, an indirect hint was provided by a large genetic study in which 25 458 individuals suffering from CAD were compared with 100 740 healthy controls. This study found an association of an IL-6 receptor variant (which represents the same molecular defect as achieved by a pharmacological blockade with tocilizumab) with decreased odds of coronary events.^[@CVV103C91]^ Consistent with this study, some smaller trials focused on lipid levels as surrogates for vascular risk in patients treated with tocilizumab: the authors of the MEASURE study found elevated levels of LDL, total cholesterol, and triglycerides in patients treated with tocilizumab. However, at the same time, HDL particles were altered towards an anti-inflammatory composition.^[@CVV103C92]^ More importantly, and besides its effects on lipid metabolism, tocilizumab has been shown to improve endothelial function and reduce arterial stiffness, clearly indicating a positive net effect of a strategy that interferes with IL-6 signalling on vascular function and integrity.^[@CVV103C93]^

At least two on-going phase 4 trials focus now on the cardiovascular risk or benefit of tocilizumab in patients with rheumatoid arthritis.

One study is designed as a single-centre trial with patients suffering from rheumatoid arthritis. The investigators focus on cardiovascular risk measurements and defined the primary outcome measures as the proportion of changes in Framingham Point Scores at baseline and 52 weeks (NCT01752335).

In another large, randomized, open-label, parallel-group, multi-centre study, the rate of ischaemic cardiovascular events is evaluated in patients treated with tocilizumab in comparison with etanercept, which inhibits tumour necrosis factor signalling and has FDA approval to treat rheumatoid arthritis. The investigators enrolled more than 3000 patients with moderate-to-severe rheumatoid arthritis and history of CAD or presence of CAD risk factors. The primary endpoint is the occurrence of major adverse cardiac events, defined as a composite of cardiovascular death, non-fatal myocardial infarction, and non-fatal stroke within 5 years (NCT01331837).

A Norwegian group from Oslo went a step further and hypothesized that administration of tocilizumab in patients with non-ST elevation myocardial infarction may interrupt the self-perpetuating inflammatory loops of cardiovascular damage resulting in improved plaque stability with potential secondary beneficial effects on myocardial damage. Therefore, they initiated a randomized, double-blind, placebo-controlled phase 2 trial including a total of 120 patients. To evaluate effect of tocilizumab on the acute inflammatory response, they chose measurements of high-sensitivity C-reactive protein as a primary measure endpoint. Secondary endpoints include *inter alia* vascular effects, i.e. endothelial function as assessed by tonometry and coronary flow reserve at baseline and 6 months, as well as vascular and cardiac regeneration and infarct size as assessed by echocardiography and MRI at 6 months (NCT01491074). The results of these studies are not yet published but are eagerly awaited and will provide further information about the potential risks or benefits of inhibiting the IL-6 pathway and maybe of STAT3-targeting treatments for cardiovascular diseases.

Owing to its anti-inflammatory properties however, there are some side-effects of tocilizumab, especially an increased risk of infections, a fact which could limit the success of this drug, given that the vast majority of patients included in the studies are vulnerable to infections as a result of multimorbidity.^[@CVV103C94]^ Thus, the evaluation of more specific drugs acting further downstream in the IL-6 signalling cascade might be worthwhile. Of the group of JAK inhibitors, only two current studies defined cardiovascular events following tofacitinib treatment as a primary safety end point (NCT01519089, NCT02092467). To our knowledge, none of the on-going clinical trials investigating the effects of ruxolitinib that are registered at ClinicalTrials.gov focus explicitly on this topic but defined 'duration and severity of adverse events' as secondary outcome measures.

Even more specific effects can likely be achieved by the use of new direct STAT3 inhibitors. Mechanistically, most of them act through blockage of phosphotyrosine residue binding sites called Src-homology 2 (SH2) domains necessary for STAT3 receptor binding and dimerization. At least three of these compounds were reported to have potent and favourable effects. The small molecule inhibitors S3I-201 and STATTIC protect against Ang II-induced oxidative stress, endothelial dysfunction, and hypertension.^[@CVV103C12]^ Two inhibitors have already reached clinical phase trials. Of these inhibitors, STA-21 was shown to successfully treat psoriatic lesions in a small, non-randomized dermatologic phase 1/2 trial (NCT01047943).^[@CVV103C7]^ The administration of a STAT3 decoy oligonucleotide was evaluated in a clinical phase 0 trial of head and neck tumours (NCT00696176). This decoy obtains a double-stranded DNA with great homology to the promoter region of STAT3 target genes and blocks STAT3 signalling through interception of activated STAT3 molecules. Notably, no dose-limiting toxicities were reported, while decreased target gene expressions were observed.^[@CVV103C8]^

Likely, the most promising novel substance is WP1066, a JAK2 inhibitor, which achieved outstanding results in the treatment of malignant as well as vascular diseases. In preclinical studies, WP1066 not only exhibited a significant impact on the prevention of tumour angiogenesis but also successfully prevented neointima formation and contributed to plaque stability in atherosclerosis.^[@CVV103C17]--[@CVV103C19]^ Very recently, a US group collaborating with the National Institutes of Health and the National Cancer Institute initiated a phase 1 trial of WP1066 for the treatment of glioblastoma and central nervous system melanoma (NCT01904123). Moreover, in contrast to other STAT3-inhibiting molecules which are currently in clinical evaluation, *in vivo* studies demonstrated excellent tissue penetration by WP1066.^[@CVV103C95],[@CVV103C96]^ Considering that the main target cells in the treatment of vascular remodelling processes are VSMCs and adventitial cells, this property of WP1066 is not to be underestimated.

Apart from targeted therapies, a group of well-known and highly important cardiovascular drugs have an impact on STAT3 signalling. Statins---inhibitors of the enzyme 3-hydroxy-3-methyl-glutaryl (HMG)-coenzyme A (CoA)-reductase---exert part of their pleiotropic (non-cholesterol related) beneficial vascular effects by interfering with the JAK/STAT signalling pathway. Statins were shown to effectively modulate the inflammatory response in atherosclerotic lesions by reducing IL-6 levels, thereby decreasing STAT3 phosphorylation and increasing SOCS3 expression.^[@CVV103C40],[@CVV103C97]^ The combination of statins with aspirin and/or indomethacin can even completely abolish IL-6 production and prevent STAT3 phosphorylation in VSMC/monocyte cocultures.^[@CVV103C51]^ Fluvastatin combined with a selective Ang II type 1 receptor blocker, valsartan, prevented STAT3 phosphorylation and exerted inhibitory effects on neointima formation.^[@CVV103C98]^ Considering the biochemical action of these well-established drugs, novel specific STAT3 inhibitors might likewise have clinical success.

Despite the undoubtedly positive effects of STAT3 inhibition on pathological vascular remodelling processes, it is important to consider that STAT3 is a key essential factor to maintain normal cardiac function.^[@CVV103C99],[@CVV103C100]^ Moderate reduction in STAT3 activity appears to be tolerated quite well and might even be advantageous in some inflammatory conditions, i.e. immune-mediated myocarditis, where STAT3 activation is known to be crucial.^[@CVV103C101]--[@CVV103C103]^ Notwithstanding this, therapies aiming at systemic STAT3 inhibition under conditions that are already associated with reduced STAT3 activity in organs, such as the heart (e.g. doxorubicin pre-treatment, heart failure), may be detrimental because such therapies might further promote heart failure, which is, in fact, a major cause for terminating anti-tumour therapies.^[@CVV103C37]^ A personalized medicine approach with regard to organ specific STAT3 conditions might be required to determine whether a therapy targeting STAT3 is beneficial with regard to the entire organism. Thus, the pre-evaluation of patients, including the assessment of cardiac function and the knowledge of potentially cardiotoxic co-therapies, is needed prior to the initialization of a systemic STAT3-targeting medical therapy.

Moreover, for the treatment of single atherosclerotic lesions, a local application might be a favourable option, given that local application using drug-eluting stents or balloons may exert potent effects with negligible systemic side effects.

5.. Conclusions {#s5}
===============

Over the last two decades, STAT3 signalling has been identified as a central pathway for the activation and reprogramming of vascular cells especially under pathological conditions. Moreover, it has been shown that this pathway initiates and fuels pathological vascular remodelling processes. The current success of well-tolerated STAT3-interfering therapies in oncologic, haematologic and chronic inflammatory diseases, as well as the results of different novel and specific STAT3 inhibitors in numerous clinical trials, strongly suggest that this therapeutic strategy might also offer substantial benefits in the treatment of vasculoproliferative diseases such as atherosclerosis, restenosis, and pulmonary arterial hypertension. Thus, the results of the recently initiated first clinical trials evaluating specifically the cardiovascular effects of these novel STAT3 inhibitors are eagerly awaited.
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[^1]: ^a^Tofacitinib is currently approved for the treatment of rheumatoid arthritis in the USA and Russia. It was not approved by the European regulatory agencies because of concerns over efficacy and safety.
